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Abstract 
Laser chemical processing (LCP), based on the patented LaserMicroJet technology by Synova® S.A, was introduced 
by Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE), as a novel approach for selective doping for high 
efficiency (> 20%) silicon wafer solar cells. The technique consists of coupling a laser beam into a highly pressurised 
thin liquid jet. Total reflection inside the liquid jet enables laser light to be wave-guided towards the sample of 
interest. If the liquid contains a dopant source, selective doping is possible via the laser-induced, physical and 
chemical interactions of the substrate and doping medium. To date, this process was primarily investigated for silicon 
wafer solar cells. In this work, we report on a novel application of LCP for n-type doping of poly-silicon thin films on 
glass substrates. By using phosphoric acid as the doping medium, we have successfully realised n-type doping of 
poly-silicon thin films through LCP. Proof-of-principle experimental results are promising in terms of sheet 
) and active dopant concentration of 5×1018 to 1×1019 cm-3 at a doping depth of less than 250 nm 
as measured by electrochemical capacitance-voltage (ECV) profiling. The obtained sheet resistance and doping 
concentration levels of LCP doped areas opens a new frontier for LCP processing. In the future, the LCP technique 
will be applied to fabricate back surface fields (BSF) for poly-silicon thin film solar cells. 
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1. Introduction 
To date, doping of poly-silicon thin film is performed by thermal diffusion [1], in-situ through 
chemical vapour deposition (CVD) methods of amorphous silicon followed by various epitaxy techniques 
[2], ion implantation [3] and through spin-on dopants (SOD) followed by thermal activation [4]. In some 
cases, pulsed excimer lasers were applied to thin film silicon coated with a SOD [5, 6]. Each method has 
its own characteristics in terms of process temperature, cost, throughput, material quality and resulting 
doping concentration and diffusion depth. In-situ deposition techniques typically feature dopant 
concentrations of 1017 cm-3 and above. The dopant concentration is mainly dependent on the process 
conditions such as gas flows, deposition method etc. On the other hand, diffusion profiles of ion 
implanted samples depend upon the ion energy, the sample thickness, post-implant annealing conditions 
etc. The doping concentrations are similar or higher than those achieved by in-situ methods and the 
diffusion depth can be precisely adjusted (in the nanometer range). The doping concentration that can be 
achieved by laser-based techniques is primarily dependent on the wavelength, the fluence, the pulse 
duration and the pulse overlap of the laser as well as the doping source. Doping concentrations are 
typically 1019 cm-3 and above while the dopant depth can range from nanometers to micrometers 
depending upon the wavelength and the process conditions. 
  
Laser chemical processing (LCP), based on the patented LaserMicroJet technology by Synova® S.A, 
was successfully implemented for wafering and selective doping applications, both n-type and p-type [7-
9], for silicon wafer solar cells. Local doping is favourable for fabricating selective ohmic contacts. In this 
manner, the selective emitter or local back surface field can be formed in a single laser doping step. 
Similar to silicon wafer solar cells, these localised contacts allow independent optimisation of the 
contacted and non-contacted areas at the front and rear of the solar cell. Such technology has 
demonstrated its capability in terms of high dopant concentrations and shallow diffusion depths for bulk 
crystalline wafers. However, to the best of our knowledge, there are no reports of doping poly-silicon thin 
films by LCP. 
 
In this contribution, we show the application of LCP for doping poly-silicon thin film on glass. Based 
on the preliminary characterisation results, this technique seems well suited for doping poly-silicon thin 
films. A thermal anneal is required for activating the dopants which can be done either by prolonged 
annealing or by rapid thermal processing (RTP). This work demonstrates the potential of LCP for the 
formation of a back surface field in a poly-silicon thin film solar cell e.g a n+/p-/p+ layer structure on 
glass. An effective back surface field (BSF) entails a high dopant concentration (higher than 1018) in order 
to obtain ohmic contacts and furthermore to reduce rear surface recombination by repelling minority 
carriers. The active doping levels (1019cm-3) at a diffusion depth of 300 nm are promising for an effective 
back surface field. 
 
2. Experiment 
A ~2 μm thick intrinsic amorphous silicon (a-Si:H) film was deposited via plasma enhanced chemical 
vapour deposition (PECVD, MV Systems, USA) on a 70 nm thick silicon nitride coated borosilicate glass 
substrate of 20 cm by 20 cm and a thickness of 3.3 mm. The silicon nitride layer acts as an anti-reflective 
and barrier layer against impurities from the glass. Subsequently a 100 nm capping silicon oxide layer 
was added to the layer structure to prevent potential contamination of the Si film during the solid phase 
crystallisation (SPC) process. The SPC process was performed at a temperature of 610°C for 10 hours 
 S. Virasawmy et al. /  Energy Procedia  33 ( 2013 )  137 – 142 139
and during this process, the a-Si:H film is transformed into poly-Si thin film (refer to Fig. 1 for a 
schematic of the layer structure). As the sample is slightly warped after the SPC process, the sample was 
flattened by a rapid thermal anneal at 1000°C for 1 min. Lastly, the protective silicon oxide layer was 
removed from the sample by a short 10% HF dip before processing. 
 
Then the samples were locally doped by means of the LCP process (SelectDop, RENA, Germany). In 
this study, we mainly investigated the influence of laser energy and pulse overlap on the doping 
concentration, diffusion depth and sheet resistance. Therefore, other LCP parameters such as the laser 
repetition rate, the pulse duration and the doping medium pressure were kept constant at 100 kHz, 20 ns 
(square pulse) and 130 bars respectively. The absorption depth of 532 nm wavelength in pure silicon at 
300 K is about 1 μm [10]. We processed a set of 7 mm wide lines spanning across the 20 cm wide 
sample, each spaced 2 cm apart to prevent any dopant smearing effect from adjacently scribed lines. The 
laser spot size at the sample surface was about 50 μm. Hence, the width of a single laser doped line was 
~50 μm and large areas were formed by combining various lines with a pitch of 10 μm implying an 80% 
line-to-line overlap. At a repetition rate of 100 kHz, the pulse overlap was calculated to be 80% and 90% 
for processing speeds of 1000 mm/s and 500 mm/s respectively. 
  
After LCP, the processed samples were thoroughly washed with DI water to remove any traces of 
phosphoric acid. Consequently, the LCP doped lines were each cut down to 4 cm length and 2 cm width 
for sheet resistance and ECV measurements. Sheet resistance and ECV measurements were conducted on 
the 7 mm LCP doped lines using an automated four point probe and an ECV profiler respectively.  
During the course of our experiments, we identified that a short thermal anneal was required to bring 
down the sheet resistance to reasonable levels. This thermal treatment was performed either in a nitrogen-
purged oven at 610°C for 30 min or by a rapid thermal processing at 1000°C for 1 min. For the RTP 
process, a 100 nm capping silicon oxide layer was deposited over the samples to prevent any 
contaminations. Table 1 lists the LCP process parameters used for the LCP experiments. The pulse energy 
reflects the actual pulse energy available to the sample after accounting for laser losses within the jet etc. 
 
 
Table 1. LCP parameters used for the experiments (pulse duration, pulse shape, repetition rate and medium pressure is maintained at 
20 ns, square pulse, 100 kHz and 130 bars respectively) 
 
Parameter optimisation Experiment number 
Pulse 
energy 
[μJ] 
Chuck 
speed 
(mm/s) 
As-doped 
(k  
LCP + oven 
anneal at 
610 °C for 
30 min 
(k  
LCP + RTP 
at 1000 °C 
for 1 min 
(k  
 E1 14 1000 430 (± 200) 5.1 (± 0.3) 5.8 (± 0.6) 
Influence of laser energy E3 12 1000 530 (± 80) 5.1 (± 0.4) 4.5 (± 0.2) 
 E5 10.5 1000 360 (± 40) 4.7 (± 0.3) 3.6 (± 0.2) 
Influence of pulse-to-pulse 
overlap (as compared to 
experiment number 1, 3 
and 5 respectively) 
E2 14 500 
1000  
(± 300) 
3.9 (± 0.2) 5.4 (± 0.7) 
E4 12 500 
1800  
(± 100) 
4.1 (± 0.5) 3.9 (± 0.3) 
E6 10.5 500 860 (± 60) 4.1 (± 0.4) 3.0 (± 0.5) 
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Fig. 1. Schematic of the sample structure during LCP processing (sketch is not to scale) 
 
3. Results and discussion 
3.1. Sheet resistance  
The sheet resistance of the LCP doped samples (hereafter as-doped) was very high with values close to 
1 r a nitrogen-purged oven at 610°C for 30 
min or a rapid thermal processing at 1000°C for 1 min was sufficient to reduce the sheet resistance to 
 The sheet resistance has been calculated using the model described by Lu et al. [11] 
for a doping level of up to 1019 cm-3 and a grain size of about 1 μm. Based on this model, the resulting 
sheet resistance is expected to range between 3- . However, it should be noted that besides the 
doping level, the sheet resistance depends on various other factors such as grain size distribution, 
activation energy, defects in the film etc. Therefore, this value is only indicative of the sheet resistance 
expected from the doping level in the LCP samples. The root cause for the low activation of the dopants 
in the as-doped state is still under investigation. Such discrepancy in the sheet resistance can possibly be 
attributed to the presence of amorphous silicon, dopant segregation etc and requires more detailed studies 
by Hall measurements, Secondary Ion Mass Spectrometry (SIMS) measurements or high-resolution 
Transmission Electron Microscopy (HRTEM) and will be explained elsewhere. 
 
To compare the sheet resistance and doping profiles between the oven and RTP annealed samples, a 
selected batch of LCP samples was subjected to a RTP process at 1000°C for 1 min and subsequently the 
dopant profile and sheet resistance were measured. Another batch, processed under similar LCP 
conditions, was annealed in a nitrogen oven at 610°C for 30 min and characterised in the same way. The 
sheet resistances and are shown in Table 1 and 
Fig. 2 respectively. 
 
For a fixed pulse duration (e.g at 20 ns), the influence of pulse-to-pulse overlap on the doping results 
reveals that at higher overlap ratio, e.g. processing speeds of 500 mm/s, the dwell time directly related to 
the melt lifetime (molten silicon [12]) is longer and therefore dopants can diffuse deeper inside the film. 
The measured sheet resistance is lower for higher pulse-to-pulse overlap ratio. On the other hand, a 
decrease in pulse energy shows a decrease in the sheet resistance. At lower pulse energy the onset of 
melting takes longer and thus only part of the deposited energy is transferred to the molten layer. 
Therefore, the melt depth is shallower and diffusion of dopants is limited within a thinner layer. This 
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observation is consistent with the doping profiles (see Fig. 2 for ECV doping profiles) where a decrease 
in pulse energy for the same pulse overlap yields a shallower diffusion profile. 
3.2. Electrochemical capacitance-voltage (ECV)  
ECV measurements were performed on each LCP processed sample to measure the active dopant 
profile. Due to the high sheet ) of the as-doped samples, it was impossible to measure 
ECV as the resistance between the contact probes was too high. On the other hand, only a limited number 
of RTP samples could undergo an ECV measurement due to the presence of minor cracks emanating from 
thermal stresses during RTP. Those cracks yielded a high resistance during the ECV measurement. Figure 
2 illustrates the doping profiles and diffusion depths of the measured samples. 
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Fig. 2. Measured active dopant concentration of poly-Si samples that were oven annealed (filled symbols) and RTP annealed (open 
symbols) after LCP doping. At processing speeds of 500 mm/s, the melt duration is longer due to an increased pulse-to-pulse 
overlap leading to deeper diffusion depths. Lower pulse energies result in a shallower dopant profile due to a thinner melt depth. 
The diffusion profiles of the RTP annealed samples are closely matched to the corresponding oven annealed samples. 
From Fig. 2. it is clear that for the same pulse energy, the diffusion depth is larger for processing 
speeds of 500 mm/s as compared to processing speeds of 1000 mm/s. For higher pulse overlap, the melt 
lifetime is longer thus enabling dopant diffusion inside the film for longer durations. A lower laser energy 
results in a shallower dopant profile because the diffusion of dopant atoms is confined within a thinner 
melt depth. Note that all experiments were performed at laser energies below the ablation threshold of Si. 
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It is also observed that there is no notable difference in the dopant profiles between samples annealed in 
an oven or by RTP, implying that there is no significant dopant activation or dopant smearing between 
oven annealed and RTP annealed samples. Such finding could be the cause of dopant diffusion, stress 
relaxation of the doped layers upon annealing etc. and will be the subject of future work. 
 
4. Conclusion 
Laser Chemical Processing (LCP) was successfully applied for doping poly-silicon thin film solar 
cells. Sheet resistance and active dopant profiles on the LCP doped regions indicate that the doping 
concentration and doping depth are promising for its application on poly-Si thin film solar cells e.g. for 
the formation of a back surface field. We further demonstrate that there is no increase in dopant 
concentration between LCP samples annealed separately in an oven at 610°C for 30 min and RTP at 1000 
°C for 1 min. Future work consists of investigating the sheet resistance discrepancy between LCP (as-
doped) samples and annealed samples. In addition, more LCP experiments will be carried out on doped 
samples in order to determine the junction depth and Suns-Voc. 
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